DNA damage repair is crucial for the maintenance of genome integrity and cancer suppression. We found that loss of the mouse transcription factor YY1 resulted in polyploidy and chromatid aberrations, which are signatures of defects in homologous recombination. Further biochemical analyses identified a YY1 complex comprising components of the evolutionarily conserved INO80 chromatin-remodeling complex. Notably, RNA interference-mediated knockdown of YY1 and INO80 increased cellular sensitivity toward DNA-damaging agents. Functional assays revealed that both YY1 and INO80 are essential in homologous recombination-based DNA repair (HRR), which was further supported by the finding that YY1 preferentially bound a recombination-intermediate structure in vitro. Collectively, these observations reveal a link between YY1 and INO80 and roles for both in HRR, providing new insight into mechanisms that control the cellular response to genotoxic stress.
DNA damage repair is crucial for the maintenance of genome integrity and cancer suppression. We found that loss of the mouse transcription factor YY1 resulted in polyploidy and chromatid aberrations, which are signatures of defects in homologous recombination. Further biochemical analyses identified a YY1 complex comprising components of the evolutionarily conserved INO80 chromatin-remodeling complex. Notably, RNA interference-mediated knockdown of YY1 and INO80 increased cellular sensitivity toward DNA-damaging agents. Functional assays revealed that both YY1 and INO80 are essential in homologous recombination-based DNA repair (HRR), which was further supported by the finding that YY1 preferentially bound a recombination-intermediate structure in vitro. Collectively, these observations reveal a link between YY1 and INO80 and roles for both in HRR, providing new insight into mechanisms that control the cellular response to genotoxic stress.
Genomic instability is a hallmark of cancer development and progression. Defects in DNA double-strand break (DSB) repair are believed to be responsible for chromosomal rearrangements and can be rectified by homologous recombination, which is particularly active in the S and G2 phases of the cell cycle, or by nonhomologous end joining (NHEJ), active in G1 phase 1, 2 . Homologous recombination is an important mechanism for the repair of damaged chromosomes and damaged replication forks, and for several other aspects of chromosome maintenance 3 . Furthermore, impairment of homologous recombination is probably one of the underlying causes of breast, ovarian and other cancers 4, 5 . INO80, a member of the Snf2p family of DNA-dependent ATPases, has been shown to positively regulate homologous recombination in a number of organisms [6] [7] [8] . The Ino80 complex is evolutionarily conserved, and components of the complex have been identified in mammalian cells 9 . DNA damage induces phosphorylation of histone H2A, and the yeast INO80 complex is known to be recruited directly to DSBs through an interaction with the phosphorylated histone H2A 7, 8, 10, 11 ; however, the precise function of INO80 in DSB repair and its recruitment to the damage site are not completely understood 12 .
Yin Yang-1 (YY1) is a zinc finger-containing Polycomb group (PcG) transcription factor that is essential in development [13] [14] [15] [16] . Recently, a number of studies have shown that loss of YY1 increases the p53 protein level 17, 18 , raising the possibility that YY1 may contribute to the regulation of genomic integrity. To investigate this possibility, we used genetic, biochemical and proteomic approaches. We discovered essential roles for YY1 in the cellular response to genotoxic stress and in the maintenance of chromosomal stability. Furthermore, we found multiple lines of evidence that link YY1 and the ATP-dependent chromatin-remodeling complex INO80 in DNA repair. We identified a YY1 complex containing components of the INO80 complex and confirmed this interaction of YY1 with components of the INO80 complex by additional co-immunoprecipitation and in vitro protein-interaction assays. Notably, both YY1 and INO80 were found to be necessary for the cellular DNA damage response, and both were crucial for HRR. In vitro, recombinant YY1 and the YY1 complex preferentially bound the Holliday-junction structure, an important homologous recombination intermediate. Together, these results suggest that the PcG protein YY1 and the ATP-dependent chromatin-remodeling complex INO80 may function together to mediate the cellular response to DNA damage. These findings shed new light not only on YY1's function in the DNA repair process but also on that of mammalian INO80.
RESULTS

Loss of YY1 induces polyploidy and chromosomal aberrations
We investigated the possibility that YY1 may regulate genomic stability by analyzing the karyotypes of mouse embryonic fibroblast (MEF) cells isolated from Yy1-conditional knockout (YY1 f/f ) mice recently developed in our lab 19 . The wild-type and YY1 f/f MEF cells were infected with Ad-Cre, and depletion of YY1 was analyzed by western blotting, which revealed essentially undetectable levels of YY1 in the YY1 f/f /Cre cells ( Supplementary Fig. 1a online) . For each karyotyping experiment, metaphase spreads from MEF cells prepared from two independently isolated embryos were inspected for chromosome abnormalities. We found an increase in chromosome number as well as abnormal chromosome structures in YY1 f/f MEFs transduced with Ad-Cre, compared with the control MEFs (Fig. 1a,b) . In contrast to the three controls, in which less than 3% of cells had chromosomal abnormalities, 35.6% of YY1 f/f MEF cells treated with Ad-Cre showed aneuploidy or polyploidy, and 41% contained chromosomal abnormalities, including chromatid and chromosome breaks as well as triradial and quadriradial chromosomes (Fig. 1c-g ). These abnormal chromosomal structures are characteristic of cells with defects in DNA repair, such as those of individuals with Fanconi anemia 20 , Bloom's syndrome 21, 22 or the hereditary breast and ovarian cancer syndromes involving BRCA1 and BRCA2 (refs. 23,24) . These findings suggest a role for YY1 as a genomic caretaker. Accordingly, the YY1-knockout MEFs showed greater sensitivity to UV-C and camptothecin (a topoisomerase I inhibitor) treatments than the control cells ( Supplementary Fig. 1b,c) . In human U2OS osteosarcoma cells, small hairpin RNA (shRNA)-mediated knockdown of YY1 ( Supplementary Fig. 1h ) also increased sensitivity toward various DNA-damaging agents ( Supplementary Fig. 1dÀg ). These findings suggest that YY1 is crucial in the cellular response to many genotoxins.
The increase in chromosome abnormalities may result from either a defect in cell cycle checkpoint control or a defect in DNA repair per se. When exposed to DNA-damaging agents such as UV-C radiation, cells can be arrested at two cell-cycle checkpoints. The G1/S checkpoint involves p53 and p21 and prevents replication of damaged DNA templates, whereas the G2/M checkpoint prevents segregation of the damaged chromosomes 25 . To determine whether loss of YY1 affects cell cycle checkpoint controls in cells exposed to damaging agents, we used FACS analysis to monitor cell-cycle progression after UV irradiation of the control and YY1 shRNA-transfected U2OS cells 26 . The YY1-knockdown cells had essentially intact G1/S and G2/M checkpoint responses similar to those seen in control cells (Supplementary Fig. 2 online) . Together, these findings suggest that loss of YY1 does not affect cell-cycle checkpoints; thus, YY1 probably functions directly in DNA repair.
Biochemical identification of a YY1-INO80 complex
To address the possibility that YY1 may participate in DNA repair and to understand the underlying mechanism, we purified YY1 from HeLaS cells using a double-affinity tag purification technique described previously 27, 28 . Briefly, HeLaS cells were transduced with either empty or recombinant retroviruses expressing YY1 tagged with Flag and hemagglutinin (HA) epitope at its N terminus (Flag-HA-YY1). Nuclear extracts were prepared from the mock-infected and Flag-HA-YY1 retrovirus-infected cells and then subjected to two successive rounds of affinity chromatography using affinity matrices with immobilized Flag antibody and HA antibody, respectively. Many proteins were found to copurify with YY1 ( Fig. 2a) , whereas essentially no proteins were found from purification using the mockinfected cells (data not shown). Proteins copurified with YY1 were then identified by tandem mass spectrometry ( Fig. 2a and Supplementary Table 1 online). Notably, we identified mammalian homologs of seven subunits of the yeast Ino80 complex, which has been shown to be crucial for DSB repair in yeast 10 . These seven human INO80 complex components were TIP49A and TIP49B (previously identified as 'RuvB-like' proteins, and labeled RUVBL1 and RUVBL2 in Fig. 2a) 10 ; KIAA1259, the human homolog of yeast Ino80, a SWI/SNF-like helicase; and human ARP4 (BAF53), ARP5, ARP8 and b-actin. Similar observations have been reported recently 29 . We also identified DNA-PKcs and Ku86, components of the machinery that mediates NHEJ [30] [31] [32] . In this study, we focused our analysis on the association of YY1 with the INO80 complex.
Western blotting readily identified the INO80 components in the purified YY1 complex ( Supplementary Fig. 3a online) , confirming the mass spectrometry result. To further investigate whether YY1 is in a stable complex with INO80, we carried out glycerol-gradient sedimentation and analyzed the protein fractions by both silver staining and immunoblotting. The affinity-purified YY1 complex was separated into three peaks (Fig. 2b) . Given their molecular-weight distribution and the fact that recombinant YY1 can form multimers (Supplementary Fig. 4c,d online) , fractions 4-16 probably represent free and oligomerized YY1. YY1 cofractionated with DNA-PKcs (Fig. 2b , lanes (Fig. 3a , ii,iv, compare lanes 3, 7 and 11). Together, these findings suggest that YY1 interacts with the INO80 complex components in vivo, and the interaction seems to be stable, changing little in response to UV stress. Accordingly, the YY1 complex purified from UV-stressed HeLa cells showed no substantial difference in composition from the YY1 complex purified without UV treatment (Supplementary Fig. 3b ).
YY1 interacts with INO80, BAF53, TIP49A and TIP49B in vitro
We next carried out glutathione S-transferase (GST) pull-down experiments to identify components of the INO80 complex that may interact with YY1 in vitro. Figure 3b shows a schematic representation of the full-length human INO80 (residues 1-1556) and of the five deletion mutants (INO80 M1 to M5). A potential physical interaction between the full-length human INO80 and YY1 could not be tested because we were not able to express full-length recombinant INO80. In GST pull-down assays using in vitro-translated INO80 truncation mutants, both the N-terminal segment (1-517) and the middle segment (518-1227) of INO80 interacted with GST-YY1 but not GST alone (Fig. 3c,d ), suggesting that YY1 makes multiple contacts with INO80. We also found interactions of YY1 with TIP49A, TIP49B and BAF53 (Fig. 3c,d) . Notably, GST-YY1 pulled down TIP49A and TIP49B in a 1:1 stoichiometric ratio (Fig. 3e , top blot, lane 11). Together, these findings suggest that YY1 may physically contact several components of the INO80 complex.
Knockdown of TIP49B and INO80 leads to UV hypersensitivity
The biochemical results suggest that YY1 and the INO80 complex might function together to regulate DNA repair. To address this possibility, we first examined whether cells in which the INO80 components were knocked down by RNAi showed increased sensitivity to DNA-damaging agents (Supplementary Methods online), as did the YY1-deficient MEFs described above. U2OS cells subjected to RNAi knockdown of INO80, YY1 and TIP49B had very similar responses to UV irradiation, as determined by survival assays (Fig. 4) . Knockdown of YY1 simultaneously with either INO80 or TIP49B did not further decrease cell survival in response to DNA damage, supporting the hypothesis that YY1, TIP49B and INO80 function in the same pathway, and probably at the same step, in the cellular response to UV damage. The RNAi knockdown efficiencies of the various shRNAs used were monitored by western blotting (Supplementary Fig. 3c ).
YY1 and INO80 promote homology-directed DNA repair Next, to investigate whether YY1 is involved in homology-directed repair, we used a reporter-based functional assay in which the Neo gene can be expressed only upon repair of DSBs produced by the endonuclease I-SceI 33 (Fig. 5a) . retain the Gpt gene and are resistant to both G418 and mycophenolic acid. We found that cells transfected with YY1 shRNA, INO80 shRNA or both showed markedly less gene conversion, ranging from 10-to 14-fold less (Fig. 5c) . The large reduction in total homologous recombination and gene conversion suggests that YY1 and INO80 may function together as regulators of HRR.
To ensure that the observed role for YY1 and INO80 in HRR is not limited to just 293T cells, which express SV40 large T antigen and therefore are defective in p53 function 34 , we measured HRR in a derivative of the HT1080 strain that is wild-type with respect to p53 function 35 . HT1080-1885 cells carry inverted puromycin repeats 36 but are otherwise analogous to HR-293T cells (Fig. 5d) . Consistent with the HR-293T results, HT1080-1885 cells transfected with YY1 shRNA, INO80 shRNA or both showed about 13-fold less HRR of I-SceIinduced DSBs than cells transfected with control shRNA (Fig. 5e) . Together, these findings support a model in which YY1 and INO80 both function in homologous recombination.
YY1 binds recombination-intermediate structure in vitro
Several findings discussed above suggest that YY1 may have a role in HRR 37 . Given that YY1 directly interacts with TIP49A and TIP49B (Fig. 2c) , which are potential mammalian homologs of RuvB, we wished to test whether YY1 functions similarly to RuvA, although YY1 is not related to RuvA at the protein sequence level.
To address this possibility, we carried out gel-shift assays to determine whether YY1, like RuvA, can bind a synthetic Holliday junction, an important intermediate in the DSB repair model 38, 39 . We estimated the amount of YY1 in the YY1 complex by western blotting, using recombinant YY1 of known concentrations for comparison ( Supplementary Fig. 4a ). The purity of the recombinant YY1 is shown in Supplementary Figure 4b . When the YY1 complex and the C-terminal binding protein (CtBP) complex were incubated with the Holliday-junction probe, several band-shift complexes formed, but only with the YY1 and not the CtBP complex (Fig. 6a,b) . This result suggests binding specificity. In competition experiments, unlabeled Holliday-junction probe competed with a double-stranded DNA (dsDNA) having a sequence identical one of the 'arms' of the fourway junction, and the YY1 complex preferentially bound the Holliday junction (Fig. 6b, compare lanes 5 and 6) . YY1 antibody supershift assays demonstrated that essentially all the band-shift complexes contained YY1 (Fig. 6b, compare lane 3 with lanes 2 and 4) . We were unable to supershift the complexes with TIP49B and INO80 antibodies, probably owing to antibody quality, epitope masking or both (data not shown). However, the DNA-protein complexes formed with the YY1 complex are different from those formed with purified recombinant YY1 (see below). This observation is consistent with the idea that the shifted bands (Fig. 6a , band-shifted complexes I-V) contain additional proteins that may be components of the INO80 complex.
We next used purified recombinant YY1 to determine whether YY1 alone is sufficient to mediate binding to a Holliday-junction structure. Titration of YY1 against a fixed molar concentration of probes (1 nM) resulted in concentration-dependent binding of YY1 to the Hollidayjunction structure (Fig. 6c) . YY1 seems to bind preferentially to Holliday junctions and form slowly migrating complexes, which may represent Holliday junctions bound by YY1 multimers. Recombinant YY1 also bound the dsDNA probe, though less efficiently. However, the pattern for the Holliday junction-YY1 complexes is clearly distinct from that of the dsDNA-YY1 complexes. In contrast, purified recombinant TIP49A and TIP49B did not bind the Hollidayjunction probe (data not shown). To determine whether recombinant YY1 binding to Holliday junctions is specific, we carried out competition assays with molar excesses of unlabeled DNA representing a Holliday junction, a 'Y' structure and dsDNA. The formation of YY1-Holliday junction complexes I and II was inhibited by the unlabeled Holliday-junction probe in a dose-responsive manner, whereas the effect of the linear duplex DNA was ten-fold less (Fig. 6) . Excess Y-structure DNA also specifically reduced the formation of complexes I and II (Fig. 6d, lanes 11 and 12) , suggesting that YY1 may also bind this structure, a putative intermediate in models of both synthesis-dependent strand annealing and break-induced replication. Together, these results suggest binding of YY1 to the Hollidayjunction structure. 
DISCUSSION
In this report, we have provided multiple lines of evidence suggesting a role for YY1 in HRR, the most important evidence being the association of YY1 loss with the chromatid and chromosome aberrations that are characteristic of HRR defects. This model is further supported by findings from reporter assays that analyze the effects of YY1 on HRR. The identification of YY1 associating with the INO80 complex suggests that YY1 may function together with this ATPdependent chromatin-remodeling complex to regulate DNA repair. Notably, the association of YY1 with Ino80 is conserved evolutionarily in Drosophila melanogaster 40 , consistent with the idea that the YY1-Ino80 interaction is functionally important. A recent study has also shown that mammalian INO80 associates with YY1 and implicated this interaction in transcriptional activation 29 .
Studies have shown that YY1 depletion causes a proliferation defect in many known cell types. One common phenotype of YY1 depletion is that replicative ability is progressively lost, culminating in proliferative arrest or apoptosis. Notably, we found frequent quadriradial and triradial structures in the YY1-deficient MEFs, which may be the basis for their observed retarded cell growth 19 .
Biochemical and molecular studies point to the similarities between YY1 and RuvA, including the ability to form tetramers (Supplementary Fig. 4c,d ) and to preferentially bind Holliday junctions. Recently, RAD54, a SWI2/SNF2 protein, has been shown to bind Holliday junction-like structures and promote their bidirectional branch migration in an ATPase-dependent manner 41 . Our findings raise the possibility that YY1 may function similarly to RAD54, regulating HRR by binding the homologous recombination intermediates. The binding affinity of recombinant YY1 for the Holliday junction (estimated K m of 500 nM, Supplementary  Fig. 4e ) is lower than that of bacterial RuvA (K m of 10-200 nM) 39, 42 . However, it is possible that when YY1 is in complex with other proteins or post-translationally modified in vivo, its binding affinity may be higher (Fig. 6b) . Determining whether YY1 binding to Holliday junctions is functionally significant in a physiological setting will require further studies.
A common feature of many DNA repair proteins is that they relocalize to distinct nuclear foci in response to DNA damage 43 . These foci have been proposed to be DNA repair centers containing gigadalton-sized protein assemblies 44 . We also investigated nuclear localization of YY1 and components of the INO80 complex in response to DNA damage in human cells. Notably, although we found no distinct YY1 and INO80 foci after ion irradiation, we observed formation of YY1 and INO80 nuclear foci in response to replication stress (S.W. and Yang Shi, unpublished data). However, we saw no evidence of colocalization of YY1 with gH2AX, 53BP1, NBS-1, DNA-PK and Ku80 in response to UV or camptothecin treatment. Recent studies have reported that HRR proteins show nuclear-localization patterns different from those of the DNA damage sensors 45 . We are currently investigating the functional significance of the YY1-INO80 foci; in preliminary studies (S.W. and Yang Shi, unpublished data), RNAi inhibition of YY1 seemed to compromise INO80 focus formation, suggesting that YY1 may have a recruitment role.
Given that YY1 is a transcriptional regulator, we also considered the possibility that YY1 might affect DNA repair indirectly by regulating genes important for repair. Our previous microarray analyses of MEF cells with or without YY1 revealed no change in the transcription of many genes associated with DNA repair, including RAD51, BRCA1 and NBS1 (ref. 19) . Thus, although a transcriptional role cannot be formally excluded, several lines of evidence described here, including YY1 binding to Holliday junctions and YY1 regulation of homologous recombination reporters, suggest that YY1 directly participates in DNA repair. It should be noted, however, that the potential direct and indirect effects of YY1 are not mutually exclusive.
In summary, we have identified a crucial role for YY1 in regulating genomic stability and in the cellular response to DNA damage. Our findings further uncover a link between YY1 and the mammalian INO80 complex, suggesting that YY1 and INO80 work together to regulate HRR. These observations not only provide important insights into YY1 function but also shed new light on mechanisms that control genomic stability and DNA damage repair in mammals.
METHODS
Plasmid construction and antibodies. To construct retrovirus expression vectors for Flag and HA epitope-tagged YY1 proteins, we PCR-amplified YY1 coding sequences and subcloned them into pOZ-N vector using the XhoI and NotI sites. Full-length human INO80 cDNA was cloned into pCMV vector (Sigma) encoding an N-terminal Flag tag and into pEGFP-C1 (Clontech). pETFlag-TIP49A, pET-Flag-TIP49B and pCMV-Flag-BAF53 were gifts (see Acknowledgments). pBS/U6 vectors encoding INO80 and TIP49B shRNA were constructed as described 46 .
Antibodies were as follows: anti-TIP49B rabbit polyclonal 1:1,000, anti-TIP49A rabbit polyclonal 1:1,000, anti-INO80 rabbit polyclonal and, anti-BAF53 rabbit polyclonal 1:1,000 were gifts (see Acknowledgments); anti-YY1 H10 mouse monoclonal 1:100 was from Santa Cruz; anti-HA 1:1000 was from Covance; anti-Flag 1:1,000 was from Sigma.
Cytogenetics. Cell preparations started 96 h after viral infection. Yy1-knockout or wild-type MEFs were treated with colcemid (0.1 mg ml -1 ) for 4 h, trypsinized and pelleted at 800 r.p.m. for 10 min in an Eppendorf model 5415D centrifuge. After hypotonic swelling in 0.075 M KCl for 30 min at 37 1C, cells were fixed in 3:1 methanol/glacial acetic acid at room temperature for 10 min. Cells resuspended in a drop of fixative were dropped onto humidified, clean, chilled glass slides. After adding 50 ml of the DAPI/anti-fade medium to the metaphase slide, we visualized chromosome structure by fluorescence microscopy. Chromosomes during metaphase spreading were counterstained with DAPI and examined with a Zeiss LSM 510 Meta UV upright confocal microscope and associated Zeiss LSM 510 software. Typically, 400-500 mitotic cells were selected randomly and scanned, with at least 100 cells being fully analyzed with the routine cytogenetic procedure. The number of chromosomes in each mitotic cell was counted, and each chromosome was examined closely for any of the structural changes described in the literature 47 . The percentage of metaphase spreads with one or more aberrations was calculated for each culture. w 2 analysis (SPSS) was used to test the significance of differences between all possible pairs.
Tandem affinity purification of YY1 protein complex. A recombinant retrovirus expressing a bicistronic messenger RNA containing open reading frames of Flag-HA-tagged human YY1 and interleukin-2 receptor-a (IL-2R-a) was constructed and transduced into HeLaS cells. The infected HeLaS cells were sorted using a monoclonal antibody to IL-2R conjugated with magnetic beads, and the resulting Flag-HA-YY1-expressing stable cell lines were propagated as suspension cells. Nuclear extracts of YY1-expressing stable cells were prepared as described 27 . YY1 and associated components were isolated from nuclear extracts by immunoprecipitation with anti-Flag and then with anti-HA according to established procedures 27, 48 . YY1-associated protein bands were excised from SDS-PAGE gels and digested with trypsin, and their peptide sequences were determined by MALDI-TOF mass spectrometry at the DanaFarber Cancer Institute Molecular Biology Core Facility of Harvard University. 
